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Abstract 

Sirtuins are members of the Sir2 (silent information regulator 2) family, a group of class III deacetylases. Mammals 
have seven different sirtuins, SIRT1-SIRT7. Among them, SIRT1, SIRT3 and SIRT6 are induced by calorie restriction 
conditions and are considered anti-aging molecules. SIRT1 has been the most extensively studied. SIRT1 
deacetylates target proteins using the coenzyme NAD + and is therefore linked to cellular energy metabolism and 
the redox state through multiple signalling and survival pathways. SIRT1 deficiency under various stress conditions, 
such as metabolic or oxidative stress or hypoxia, is implicated in the pathophysiologies of age-related diseases 
including diabetes, cardiovascular diseases, neurodegenerative disorders and renal diseases. In the kidneys, SIRT1 
may inhibit renal cell apoptosis, inflammation and fibrosis, and may regulate lipid metabolism, autophagy, blood 
pressure and sodium balance. Therefore the activation of SIRT1 in the kidney may be a new therapeutic target to 
increase resistance to many causal factors in the development of renal diseases, including diabetic nephropathy. In 
addition, SIRT3 and SIRT6 are implicated in age-related disorders or longevity. In the present review, we discuss the 
protective functions of sirtuins and the association of sirtuins with the pathophysiology of renal diseases, including 
diabetic nephropathy. 
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INTRODUCTION 

The prevalence of diabetes mellitus has been increasing world- 
wide over recent years. Long-term diabetes results in vascular 
changes and dysfunction; diabetic complications are the major 
causes of morbidity and mortality in diabetic patients. Among 
diabetic vascular complications, nephropathy is recognized as 
not only a leading cause of end-stage renal disease, but also an 
independent risk factor for cardiovascular diseases. 

Large clinical studies indicate that hyperglycaemia is a major 
contributing factor to the pathogenesis of diabetic vascular com- 
plications, including nephropathy [1]. Hyperglycaemia-mediated 
alterations of extra- and intra-cellular metabolism, such as AGEs 
(advanced glycation end-products), enhancement of diacylgly- 
cerol/PKC (protein kinase C) activity and increased flux through 
polyol and hexosamine pathways, constitute the classical patho- 



genesis of diabetic nephropathy [2,3]. In addition, there are con- 
vincing data that the RAS (renin-angiotensin system) is a major 
mediator of renal injuries. Blood pressure control using RAS 
inhibitors can reduce the progression of nephropathy [4]. How- 
ever, it is not easy to control blood glucose, and treatment with 
RAS inhibitors may not completely prevent the progression of 
nephropathy. Therefore there is an urgent need to identify new 
therapeutic target molecules or cellular processes that underlie 
the pathogenesis of diabetic nephropathy to establish an addi- 
tional therapeutic option, independent of glycaemic control and 
RAS inhibition [5]. 

Aging is a universal process that affects all organs. Age- 
related disruptions in cellular homoeostasis result in declines in 
organ functions and in the responsiveness to physiological stress. 
A gradual decline in renal function occurs in most healthy indi- 
viduals as they age [6], and the amount of glomerular, vascular 



Abbreviations: AGE, advanced glycation end-product; AMPK, AMP-activated protein kinase; Angll, angiotensin II; ATiR, angiotensin type 1 receptor; Atg, autophagy-related gene; 
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co-activator-la; PKC, protein kinase C; PPAR, peroxisome-proliferator-activated receptor; PTP1B, protein tyrosine phosphatase IB; RAS, renin-angiotensin system; ROS, reactive 
oxygen species; Sir2, silent information regulator 2; SIRT1 etc., sirtuin 1 etc., SNP single nucleotide polymorphism; SREBP sterol-regulatory-element-binding protein; TGF, transforming 
growth factor; TNF-a, tumour necrosis factor a; UUO, unilateral ureteral obstruction; VCAM-1, vascular cell adhesion protein 1; WFR, Wistar fatty diabetic rat. 



Correspondence: Professor Daisuke Koya (email koya0516@kanazawa-med.ac.jp). 



©2013TheAuthor(s) 

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.Org/licenses/by-nc/2.5/) 
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited. 



M. Kitada and others 



Haemodynamic change/RAS 

Hypoxia *" Hypertension 
(glomerular) 



Hyperglycaemia 



Polyol Hexosamine 
pathway pathway 



PKC Oxidative Advanced glycation 
pathway stress end-products 



Diabetic nephropathy 



Figure 1 Therapeutic potential of sirtuins on diabetic nephropathy 

Sirtuin dysfunction associated with aging and NAD+ depletion may contribute to the initiation and progression of diabetic 
nephropathy, in addition to hyperglycaemia-mediated alterations of metabolism and haemodynamic changes, including RAS 
abnormality. The therapeutic activation of sirtuins could inhibit diabetic nephropathy. Genetic factors also may contribute 
to the activity of sirtuins. 



and interstitial scarring in the renal tissue of healthy adults in- 
creases with age [7]. In addition, aging is a risk factor for end- 
stage renal failure including diabetic nephropathy [8]. Therefore 
elucidating the process of renal aging might enable breakthroughs 
in the treatment of diabetic nephropathy 

CR (calorie restriction) promotes longevity and slows aging 
[9]. However, further restriction of food intake, leading to mal- 
nutrition, reduces the lifespan [9]. In addition, malnutrition is 
associated with inflammation in end-stage renal disease, and 
the so-called malnutrition-inflammation complex may also be 
a risk factor for cardiovascular death [10]. Therefore, although 
CR without malnutrition can extend lifespan in model organ- 
isms, further studies are required to determine when such CR can 
benefit humans. 

One possible mechanism by which CR exerts such beneficial 
effects involves the actions of sirtuins, especially SIRT1. SIRT1 
is associated with the regulation of a wide variety of cellular 
processes, such as apoptosis, metabolism, mitochondrial biogen- 
esis and autophagy [11]. Therefore SIRT1 may improve or retard 
age-related disease processes, including diabetes, cardiovascu- 
lar diseases, neurodegenerative disorders and renal diseases. 
In addition, SIRT3 [12] and SIRT6 have also been implicated 
as potential regulators of longevity. In the present review, we 
focus on the protective effects of sirtuins and discuss the po- 
tential of sirtuin-based therapeutics against diabetic nephropathy 
(Figure 1). 

Effects of CR on longevity and sirtuins 

In 1935, McCay et al. [13] first reported that rats subjected to CR 
had longer median and maximum lifespans. After their discov- 
ery, numerous studies revealed that CR retards aging or extends 
the lifespans of yeast, worms, flies and rodents. Colman et al. 
[14] also reported that CR delayed the onset of age-associated 
pathologies, including diabetes, cancer, cardiovascular disease 
and brain atrophy, and decreased mortality in rhesus monkeys. 
In addition, Fontana et al. [15] showed that CR for an average of 



6 years improved metabolism in humans, as measured by serum 
insulin, cholesterol, CRP (C-reactive protein) and TNF-a (tu- 
mour necrosis factor a) levels and by carotid intima media thick- 
ness. Fontana and co-workers [16] also observed that long-term 
CR ameliorated the decline in left ventricular diastolic function 
and decreased the levels of serum TGF (transforming growth 
factor)-/? 1 , TNF-a and high- sensitivity CRP. Thus CR has a vari- 
ety of beneficial effects on lifespan extension and delays the onset 
of age-related diseases such as cardiovascular diseases, neurode- 
generative disorders and diabetes. CR is also accepted as the only 
established experimental anti-aging paradigm [9]. 

As one of the molecules through which CR improves lifespan 
extension or delays age-related diseases, Sir2 (silent informa- 
tion regulator 2), an NAD + -dependent deacetylase, was initially 
identified from studies of aging in yeast [17,18]. Homologues of 
Sir2 in higher eukaryotic organisms are known as sirtuins. SIRT 1 , 
the most closely related to Sir2, is one of the seven sirtuins in 
mammals. The beneficial effects of CR involve the function of 
the SIRT1, which is induced by CR in various tissues, includ- 
ing the kidney [19]. The significance of SIRT1 on the effects of 
CR has been shown in genetically altered mice. Bordne et al. 
[20] reported that Sirtl transgenic mice exhibited a phenotype 
that resembles mice under CR, but they did not report on the 
longevity of those mice. However, in another study, Sirtl defi- 
ciency in mice failed to extend lifespan under CR [21]. So far, 
it is unclear and controversial whether SIRT1 itself is crucial for 
CR-related lifespan extension; however, SIRT1 is associated with 
the regulation of a wide variety of cellular processes, from stress 
response, cell survival, mitochondrial biogenesis and metabolism 
in response to the cellular energy and redox status. 

In addition, SIRT3 induced by CR exerts beneficial anti-aging 
effects. Mitochondrial function declines during aging, which is 
a major source of ROS (reactive oxygen species). CR reduces 
age-associated oxidative stress by reducing oxidative damage 
via enhancing antioxidant defences. Someya et al. [12] showed 
that SIRT3 mediates a reduction in oxidative damage under CR, 
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Table 1 


Characteristics of mammalian sirtuins 






Sirtuin 


Classification 


Molecular mass (kDa) 


Catalytic activity 


Localization 


SIRT1 


Class la 


120 


Hoapotulaco 
L»tJdutJ ly IdotJ 


Mi irlpi ic anH n/tnnlacm 
INUultJUo dilU uy lUpidol 1 1 


SIRT2 


Class lb 


43 


Deacetylase 


Cytoplasm and nucleus 


SIRT3 


Class lb 


28/44 


Deacetylase 


Mitochondria, nucleus and cytoplasm 


SIRT4 


Class II 


35 


ADP-ribosyl transferase 


Mitochondria 


SIRT5 


Class III 


34 


Deacetylase 


Mitochondria 


SIRT6 


Class IVa 


37 


Deacetylase and ADP-ribosyl transferase 


Nucleus 


SIRT7 


Class IVb 


45 


Deacetylase 


Nucleus 



leading to prevention of age-related hearing loss. SIRT3 
deacetylates and activates mitochondrial Idh2 (isocitrate dehyd- 
rogenase 2) under CR, and enhances the glutathione antioxidant 
defence system. 

SIRT6 has also been implicated in the regulation of longevity. 
Recently, Kanfi et al. [22] demonstrated that overexpression of 
SIRT6 extends the lifespan of male mice, is associated with de- 
creased serum IGF (insulin-like growth factor)- Is and increased 
IGF -binding protein 1 . In addition, Sirt6-deflcient mice are small 
and have severe metabolic defects, and they develop abnormalit- 
ies that are usually associated with aging [23]. Moreover, SIRT6 
levels increase in rats exposed to CR [24], and transgenic mice 
that overexpress SIRT6 [25] are protected against some metabolic 
impairments, including triacylglycerol (triglyceride) and choles- 
terol accumulation in the serum, increased body fat and reduced 
glucose tolerance. 

Thus the activation of sirtuins (especially SIRT1, SIRT3 
and SIRT6) by CR might represent valuable therapeutic tar- 
gets against aging and age-related diseases, including renal 
diseases. 



Mammalian sirtuins: SIRT1-SIRT7 

Table 1 lists some of the basic characteristics of the seven sir- 
tuin genes and proteins in humans [26,27]. Phylogenetic analysis 
of 60 core domains from different eukaryotes and prokaryotes 
places the mammalian sirtuins into four different classes (I-IV). 
Mammalian sirtuins also differ in subcellular localization. SIRT1 
and SIRT2 exist in the nucleus and cytoplasm (although SIRT1 
is found predominantly in the nucleus, and SIRT2 resides most 
prominently in the cytoplasm) [28,29]. SIRT3, SIRT4 and SIRT5 
localize to the mitochondria; however, SIRT3 is also found in the 
nucleus and cytoplasm [30,3 1]. SIRT6 and SIRT7 are nuclear sir- 
tuins [31]. A large fraction of SIRT1 in the nucleus is associated 
with euchromatin, whereas SIRT6 associates with heterochro- 
matin and SIRT7 is found in the nucleolus (Table 1). 

In terms of activity, sirtuins function as class III histone 
deacetylases, binding to NAD + and acetyl-lysine within protein 
targets and generating lysine, 2 / -0-acetyl-ADP-ribose and nicot- 
inamide as enzymatic products (Figure 2). Nicotinamide acts as 
a negative-feedback inhibitor of SIRT1. SIRT1, SIRT2, SIRT3, 
SIRT5, SIRT6 and SIRT7 have NAD + -dependent deacetylase 
activity [1 1,32]. SIRT4 and SIRT6 also have ADP-ribosyl trans- 
ferase activity [11]. 



BIOLOGICAL FUNCTIONS OF SIRTUINS 

Mammalian SIRT1 promotes chromatin silencing and transcrip- 
tional repression through deacetylation of histone. Upon re- 
cruitment to chromatin, SIRT1 can directly deacetylate histones 
H4K16 (H4 Lys 16 ), H3K9 (H3 Lys 9 ), H3K14 (H3 Lys 14 ) and 
H1K26 (HI Lys 26 ) [17,33]. These deacetylations promote hypo- 
acetylation of nucleosomal histones and reduce transcriptional 
activity. Furthermore, histone acetylation and methylation are 
often co-ordinately regulated. Histone deacetylation by SIRT1 
may also promote alterations in histone methylation. SIRT1 may 
enhance histone H4K20me (H4 Lys 20 monomethylation) and 
H3K9me3 (H3K9 trimethylation), and may reduce H3K79me2 
(H3 Lys 79 dimethylation) [33]. There is still no clear under- 
standing of the detailed mechanisms of SIRT1 -induced histone 
methylation. However, Vaquero et al. [34] reported that SIRT1 
can recruit histone methyltransferases such as SUV39H1 (sup- 
pressor of variegation 3-9 homologue 1) to target sites, thereby 
regulating both histone acetylation and methylation at these sites. 
SIRT1 deacetylates the catalytic domain of SUV39H1, which is 
the enzyme responsible for H3K9me3. 

In addition, more than a dozen non-histone proteins, includ- 
ing transcription factors and transcriptional co-regulatory pro- 
teins, serve as substrates for SIRT1. For example, the involve- 
ment of NAD + in the deacetylation reaction is thought to link 
sirtuin deacetylase activity to metabolism. SIRT1 regulates en- 
ergy metabolism and mediates the longevity effect of CR by 
promoting gluconeogenesis and repressing glycolysis in the liver 
via deacetylation of PGC-la [PPAR (peroxisome-proliferator- 
activated receptor)-}/ coactivator-la] [35,36], an important 
promoter of mitochondrial biogenesis. SIRT1 increases insulin 
sensitivity by modulating insulin signalling [18]. SIRT1 reduces 
the expression of PTP1B (protein tyrosine phosphatase IB) [37], 
which is the tyrosine phosphatase for the insulin receptor. In addi- 
tion, SIRT1 may regulate insulin-induced IRS-2 (insulin receptor 
substrate-2) tyrosine phosphorylation by regulating its acetyla- 
tion level [38]. SIRT1 is also involved in insulin secretion. The 
overexpression of SIRT1 in pancreatic islet /3 -cells increases ATP 
production by repressing mitochondrial UCP2 (uncoupling pro- 
tein 2) expression, thereby leading to the closing of ATP-sensitive 
K + channels and to insulin secretion [39]. In addition, SIRT1 in- 
hibits fat storage and increases fatty acid release in white adipose 
tissue via repression of PPAR-y [40] and also regulates compon- 
ents of the circadian clock, such as BMAL1 [brain and muscle 
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Figure 2 



Enzymatic activities of sirtuins 

(1) NAD+ is consumed as a substrate for the deacetylation of target proteins. The acetyl-lysine residues of the target 
protein serve as substrates for sirtuin deacetylation, which generate nicotinamide and 2 / -0-acetyl-ADP-ribose (2 7 -OAADPr) 
as by-products. (2) NAD+ is also used as a substrate for the reaction of mono-ADP-ribosyl transferase with target proteins. 
ADP-ribose and nicotinamide are generated by the reaction. 



ARNT (aryl hydrocarbon receptor nuclear translocator)-like 
1] [41] and PER2 (Period 2) [42]. These diverse functions un- 
derscore the interconnectedness of protein acetylation, metabol- 
ism, circadian rhythms and aging. SIRT1 is associated with lipid 
metabolism through the activation of nuclear receptors, includ- 
ing PPAR-a [43], LXR (liver X receptor), FXR (farnesoid X 
receptor) and negative regulation of SREBP (sterol-regulatory- 
element-binding protein) [44]. Furthermore, SIRT1 deacetylates 
transcription factors such as FOXO (forkhead box O) [45,46], 
p53 [47], PARP [poly(ADP-ribose) polymerase]-l [48], HIF 
(hypoxia-inducible factor)-la andHIF-2a [49,50], NF-/cB (nuc- 
lear factor atB) [51], Atg (autophagy-related gene) 5, Atg7 and 
LC3 (light chain 3) [52] to mediate stress resistance, apoptosis, 
hypoxia, inflammatory signalling and autophagy as physiological 
responses to environmental toxicity. In addition, a recent study 
by Price et al. [53] demonstrated a direct link between SIRT1 
and the metabolic benefits of resveratrol, a SIRT 1 activator. They 
reported that a moderate dose of resveratrol first activates SIRT1, 
and then induces deacetylation of LKB1 (liver kinase Bl) and 
the activation of AMPK (AMP-activated protein kinase), lead- 
ing to increased mitochondrial biogenesis and function. AMPK 
is also required for SIRT1 activation. Moreover a high dose of 
resveratrol may directly activate AMPK independently of SIRT1 . 
Thus the activation of SIRT1 may lead to the induction of gene 
silencing, reduction of apoptosis, enhanced mitochondrial bio- 
genesis, inhibition of inflammation, regulation of glucose and 
lipid metabolism and circadian rhythm, induction of autophagy, 
and adaptation to cellular stress (Figure 3). 

SIRT3 exerts antioxidative effects through the deacetylation 
and activation of mitochondrial Idh2 and enhancement of the 
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Figure 3 Biological functions of SIRT1 

SIRT1 promotes chromatin silencing through chromatin modification, 
mainly deacetylation, and regulates glucose and lipid metabolism, circa- 
dian rhythms, mitochondrial biogenesis, stress responses, apoptosis, 
inflammation and autophagy by deacetylating non-histone proteins, in- 
cluding transcription factors and transcriptional co-regulatory proteins. 



glutathione antioxidant defence system. SIRT3 also deacetylates 
Mn-SOD (manganese superoxide dismutase). In addition, SIRT3 
is induced by CR in white adipose tissue, brown adipose tissue 
and skeletal muscle, and it regulates hepatic metabolic processes, 
including fatty acid oxidation, ketone body production and the 
urea cycle as adaptive changes [11]. 

SIRT6 is involved in DNA repair, telomere maintenance, ge- 
nomic stability and cell senescence and may attenuate inflamma- 
tion by modulating NF-/cB signalling, as described below. 
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Sirtuins and renal diseases 



PROTECTIVE EFFECTS OF SIRTUINS IN THE 
KIDNEY (Figure 4) 

Renal aging and sirtuins (Table 2) 

Aging causes progressive post-maturational deterioration of tis- 
sues and organs, leading to impaired tissue functioning, in- 
creased vulnerability to stress and death. The kidney is one of 
the typical target organs of age-associated tissue damage; the 
increased incidence of CKD (chronic kidney disease) in the eld- 
erly is a health problem worldwide [54]. Diabetic nephropathy 
is the most common result of CKD, and aging is a risk factor 
for the initiation and progression of CKD, including diabetic 
nephropathy [8]. 

Is SIRT1 associated with renal aging? We found that, com- 
pared with young mice, 24-month-old mice showed decreased 
SIRT1 expression in the kidney, which was associated with 
increased mitochondrial oxidative stress and morphological 
changes in mitochondria, such as swelling and disintegration of 
cristae [46]. Treatment with 40% CR for 12 months starting at 
12 months of age improved all alterations observed in aging mice 
[46]. Moreover, in the kidneys of Sirtl +/ ~ mice, mitochondrial 
morphological changes similar to those in 24-month-old wild- 
type mice were already observed at 12 months. CR in Sirtl + / ~ 
mice failed to attenuate the age-associated alterations in the kid- 
ney. Therefore mitochondrial damage in aged kidneys seems to 
be associated with SIRT1 deficiency. 

Age-associated reduction in systemic NAD + biosynthesis can 
reduce SIRT1 activity [55]. Braidy et al. [56] observed decreased 
SIRT1 activity in the heart, liver and kidneys of 12-month-old 
Wistar rats in parallel with decreased levels of NAD + , compared 
with 3 -month-old rats. The depletion of cellular NAD + stores 
attenuates SIRT1 activity, leading to hyperacetylation of p53 and 
consequently tilting the balance towards cell death via an apop- 
totic mechanism. NAD + depletion is induced by the activation 
of PARP, which is activated by DNA damage due to age-related 
oxidative stress and consumes NAD + as a substrate [56]. These 
findings suggest that adequate NAD + concentrations associated 
with SIRT1 activity may be an important longevity assurance 
factor. In addition, studies in cardiomyocytes have shown that 
PARP-1 is activated by acetylation in response to cellular stress. 
SIRT1 directly binds to and deacetylates PARP-1, thereby inhib- 
iting PARP-1 activity [48]. 

Hypoxia and sirtuins in the kidney (Table 2) 

Chronic hypoxia is the final major pathway leading to end-stage 
renal failure. Ischaemia of the kidney is induced by the loss of 
peritubular capillaries in the tubule interstitium in the late stage 
of renal disease. However, hypoxia has a crucial role in the tu- 
bule interstitium before structural microvasculature damage in 
the corresponding region, emphasizing the pathogenic role of 
this condition from an early stage of kidney disease [57]. Several 
mechanisms may contribute to decreased tissue oxygenation, in- 
cluding anaemia, increased vasoconstriction driven by an increase 
in vasoconstrictors and/or loss of vasodilators, increased meta- 
bolic demand as a result of hyperfiltration and hypertrophy of 
uninjured nephrons, and increased oxygen diffusion distances as 




Renal diseases 



Figure 4 Renoprotective effects of SIRT1 

SIRT1 exerts renoprotective effects by conferring resistance to cellu- 
lar stresses such as hypoxia, reducing interstitial fibrosis, inhibiting 
tubular and glomerular cell apoptosis and inflammation, inducing auto- 
phagy, and regulating Na + -handling, blood pressure and renal lipid 
metabolism. 



the extracellular matrix accumulates between blood vessels and 
adjacent cells. 

HIF-1 is the transcription factor that activates an adaptive re- 
sponse to a low concentration of oxygen [58]. HIF-1 positively 
regulates the expression of the gene encoding erythropoietin, and 
angiogenic and antioxidative enzymes, and it protects against 
damaging reactive oxidative molecules from mitochondria in 
response to hypoxia [58]. Lim et al. [49] reported that SIRT1 
may inhibit HIF-1 a -dependent transcription by deacetylation at 
Lys 674 . These findings imply that HIF-1 a is involved in the patho- 
genesis of renal injury, as activation of HIF responses could mod- 
ulate disease activity at an early stage, when tissue oxygenation 
is not yet impaired. Several signalling molecules, some with key 
roles in the pathogenesis of CKD, induce stabilization of HIF- la 
under normoxia. These include NO, ROS, TNF-a, interleukin- 
1, Angll (angiotensin II), TGF-/3, hyperglycaemia and growth 
factors such as epidermal growth factor, insulin and IGFs; these 
either inhibit HIF prolyl-hydroxylation directly or indirectly in- 
crease HIF- la levels [59]. Given the wide range of HIF -regulated 
biological functions, normoxic stabilization of HIF- la is likely to 
modulate disease activity at an early stage before the occurrence 
of significant hypoxia. For example, increased renal HIF- la is 
observed in the early phases of diabetic nephropathy in db/db 
mice [60] or ZDF (Zucker diabetic fatty) rats [61]. However, it is 
not known whether acetylated HIF- la is increased in the diabetic 
kidney. 

On the other hand, SIRT1 may activate HIF-2a via deacetyla- 
tion during hypoxia [50], leading to overexpression of erythropoi- 
etin or Mn-SOD. HIF-2a, but not HIF-la, is highly expressed 
in the renal cortical interstitia of aged rodents [62]. Therefore a 
reduction in SIRT1 could lead to the impairment of the response 
to hypoxia by inactivation of HIF-2a, resulting in chronic renal 
injury. Although it seems likely that SIRT1 regulates HIF-la and 
HIF-2a in an opposite manner in response to hypoxia, the inhib- 
ition of HIF-la and the activation of HIF-2a by SIRT1 may be 
a beneficial response to the cellular stress caused by hypoxia or 
growth factors in the kidney. 
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Further studies are needed to determine the relationship 
between HIF-la and HIF-2a under tissue hypoxia or relative 
hypoxia in various renal injuries. 

Interstitial fibrosis, tubular cell apoptosis and 
sirtuins in the kidney (Table 2) 

Tubulointerstitial fibrosis is considered a central event in the 
progression of CKD, independent of aetiology Even in glomer- 
ulopathies, tubulointerstitial fibrosis correlates better than glom- 
erular injury with the evolution and prognosis of the disease [63]. 
Renal tubular cell apoptosis is implicated in the progression of 
renal injuries. 

He et al. [64] found that SIRT1 is abundantly expressed in 
mouse medullary interstitial cells, where it increases cell resist- 
ance to oxidative stress. In Sirtl +/ ~ mice, the decreased SIRT1 
concentration is associated with increased apoptosis and fibrosis 
after UUO (unilateral ureteral obstruction), whereas its activa- 
tion by treatment with resveratrol or SRT2183 in wild-type mice 
reduced apoptotic and fibrotic changes in the UUO. In addi- 
tion, SIRT1 deficiency decreases the COX2 (cyclo-oxygenase 2) 
induction in medullary interstitial cells under oxidative stress, 
whereas exogenous PGE 2 (prostaglandin E 2 ) reduces apoptosis 
in oxidatively stressed SIRT1 -deficient cells. These findings 
not only indicate the protective function of SIRT1, but also 
identify COX2 as one of its targets. It remains to be estab- 
lished whether this effect of SIRT1 is due to its deacetylation 
of COX2 or is mediated via FOXO or other established targets of 
SIRT1. 

The TGF-/? 1/Smad3 signalling pathway plays a central role in 
the pathogenesis of tissue fibrosis in the kidney. Li et al. [65] re- 
ported that SIRT 1 activation by resveratrol inhibits the acetylation 
of Smad3, resulting in reduction of TGF-/3 1 -induced collagen IV 
and fibronectin expression in a UUO animal model and in cul- 
tured cells (rat fibroblasts, NRK49F; rat proximal tubular cells, 
NRK52E). 

SIRT1 also protects against renal tubular cell apoptosis. 
Hasegawa et al. [66] found that SIRT1 protects against oxidative- 
stress-induced apoptosis by inducing catalase via deacetylation of 
FOX03 in cultured proximal tubular cells. Moreover, Hasegawa 
et al. [67] also reported that renal proximal tubular cell-specific 
SIRT1 transgenic mice showed resistance to cisplatin-induced 
renal tubular cell injuries, such as apoptosis, by maintaining 
peroxisome number and function, concomitant up-regulation of 
catalase and elimination of renal ROS. In addition, SIRT1 activ- 
ation by resveratrol reduces cisplatin-induced proximal tubular 
cell apoptosis through deacetylation of p53 [68]. 

Inflammation and sirtuins in the kidney (Table 2) 

The inflammatory process is one of the pivotal mechanisms for 
the initiation and progression of age-related diseases, such as 
diabetes, cardiovascular diseases, neurodegenerative disorders, 
pulmonary disease and kidney diseases including diabetic neph- 
ropathy [69,70]. Therefore the control of the inflammatory pro- 
cess might be a potential therapeutic target for attenuating the 
progression of such age-related diseases. 

The NF-/cB signalling pathway plays a central role in the 
regulation of the expression of several inflammation-related pro- 



teins, such as MCP-1 (monocyte chemotactic protein- 1), ICAM- 
1 (intercellular adhesion molecule 1) and VCAM-1 (vascular 
cell adhesion protein 1) [71]. The observation that several lys- 
ine residues of the NF-/cB p65 subunit can be acetylated has 
highlighted the potential regulatory role of lysine acetylation in 
NF-/cB function [72]. Among these acetylated lysine residues 
in NF-/cB p65, acetylation at Lys 310 might promote superior 
transcriptional activity while also being a substrate for SIRT1 
[51]. Therefore SIRT1 may act as a negative regulator of NF- 
kB activity by deacetylating Lys 310 of p65. Reduced levels of 
SIRT1 result in the up-regulation of acetylated NF-/cB, lead- 
ing to an increase in the inflammatory response in adipocytes 
[73], monocytes/macrophages [74,75], myeloid cells [76], en- 
dothelial cells [77] and microglia [78] of several experimental 
animal or cell models. In those studies, SIRT1 up-regulation 
using chemical activators of SIRT1 or overexpression of a 
SIRT1 gene improved the inflammation through deacetylation of 
NF-kB. 

We found that SIRT1 protein expression is significantly de- 
creased and that acetylated NF-/cB p65 and inflammation-related 
gene expression levels (ICAM-1, VCAM-1 and MCP-1) are 
clearly increased in the kidneys of WFRs (Wistar fatty diabetic 
rats) compared with WLRs (Wistar lean non-diabetic rats) [79]. 
The increased levels of acetylated NF-/cB and inflammation- 
related genes in WFRs were decreased by CR, consistent with the 
restoration of SIRT1 protein expression in the kidney. Therefore 
renal inflammation is induced by increased levels of acetylated 
NF-/cB p65 owing to reduced SIRT1 protein expression, whereas 
CR exerts anti-inflammatory effects by restoring SIRT1 expres- 
sion in the kidneys of WFRs [79]. 

SIRT6 is also a negative regulator of NF-/cB signalling. SIRT6 
attenuates NF-/cB signalling by functioning at the chromatin 
level. Although it directly binds to p65 as SIRT1 does, SIRT6 
deacetylates H3K9 in the promoters of NF-/cB target genes to 
decrease promoter occupancy by p65, rather than directly mod- 
ulating p65 [80]. So far, however, there are no reports about 
SIRT6 in renal diseases. 

Role of sirtuins in glomerular cells (Table 2) 

Apoptosis is a distinct form of cell death that is observed under 
various physiological and pathological conditions [81]. Glomer- 
ular cells, including mesangial cells and podocytes, exhibit up- 
regulated apoptosis in human and experimental kidney diseases, 
such as diabetic nephropathy, hypertensive nephrosclerosis and 
glomerulonephritis. This apoptosis is considered to be involved 
in the progression of these diseases. Therefore preventing glom- 
erular cell apoptosis may help prevent various kidney diseases. 

Interestingly, SIRT1 diminishes mesangial cell apoptosis in- 
duced by oxidative stress by reducing p53 activity [47], and 
attenuates TGF-/3 -induced apoptotic signalling mediated by the 
effector molecule Smad7 [82]. SIRT 1 -dependent deacetylation of 
Smad7 at Lys 60 and Lys 70 also enhances the ubiquitin-dependent 
proteasomal degradation of this effector by Smurfl (Smad ubi- 
quitination regulatory factor 1). Glomerular mesangial cells are 
thus protected from not only oxidative stress, but also TGF-/3- 
dependent apoptosis. Both oxidative stress and TGF-/3 accelerate 
and contribute to renal diseases, implying that SIRT1 could be a 



15 ©201 3 The Author(s) 

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.Org/licenses/by-nc/2.5/) 
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited. 



Sirtuins and renal diseases 



Review Article 



therapeutic target for preventing glomerular diseases, including 
diabetic nephropathy. 

Chuangetal. [83] found that AGE-BSA (AGE-modified BSA) 
increased FOX04 acetylation and suppressed the expression of 
the SIRT 1 protein in glomerular podocytes of dbldb diabetic mice 
and diabetic patients. Acetylated FOX04 promotes the expres- 
sion of the pro-apoptosis gene BcUlll (also known as Bim) and 
leads to podocyte apoptosis. 

NO is a protective factor in vascular tissues, including the 
kidneys. eNOS (endothelial NO synthase) deficiency due to en- 
dothelial cell dysfunction plays an important role in the patho- 
physiologies of cardiovascular diseases (hypertension and ath- 
erosclerosis) and renal injuries, including diabetic nephropathy 
[84]. SIRT1 promotes vasodilation and protects vascular tissues 
through increased NO production by deacetylating eNOS in en- 
dothelial cells [85]. 

Autophagy and sirtuins in renal diseases (Table 2) 

Autophagy is a lysosomal degradation pathway that plays a cru- 
cial role in removing protein aggregates and damaged or excess 
organelles, such as mitochondria, leading to the maintenance of 
intracellular homoeostasis and promoting cellular health under 
various stress conditions, including hypoxia, ER (endoplasmic 
reticulum) stress or oxidative stress [86,87]. Autophagy plays a 
crucial role in several organs, especially metabolic organs, and 
its alteration is involved in the pathogenesis of metabolic 
and age-related diseases, including renal diseases [88]. Accord- 
ing to experiments in renal injury models, the autophagy system is 
important in renal tubular cells and podocytes. Furthermore, auto- 
phagy is regulated by nutrition- sensing signals such as SIRT1, 
mTOR (mammalian target of rapamycin) and AMPK. Results that 
demonstrate the role of SIRT1 in autophagy are still sparse com- 
pared with those for mTOR and AMPK, but they have been ac- 
cumulating. SIRT1 can deacetylate essential autophagic factors, 
such as Atg5, Atg7 and LC3, leading to the induction of auto- 
phagy. Furthermore, SIRT1 deacetylates the transcription factor 
FOX03a, which leads to enhanced expression of proautophagic 
Bnip3 (Bcl-2/adenovirus E1V 19-kDa interacting protein 3). 

Hypoxia can cause renal tubular damage in kidney diseases, as 
described below, and it also stimulates autophagy [87]. Hypoxia- 
induced autophagy largely depends on HIF-la, which activates 
the transcription of Bnip3 and Bnip3L (Bnip3-like), which in 
turn induce autophagy. Normally, Beclin 1 interacts with Bcl-2 
proteins. Bnip3 can disrupt this interaction, liberating Beclin 1 
from Bcl-2 and leading to autophagy [89]. Thus HIF- \a -induced 
Bnip3 overexpression promotes autophagy. We have shown that 
hypoxia-induced autophagy activity declines with age in mice, 
which leads to accumulations of damaged mitochondria and mi- 
tochondrial ROS in the kidney [46]. Interestingly, long-term CR 
restores autophagy activity, even in aged kidneys. When we in- 
vestigated the mechanism of this effect, we found that SIRT1- 
mediated autophagy is essential in the CR-mediated protection 
of aged kidneys [46]. Bnip3 expression is essential for inducing 
autophagy under hypoxic conditions and is positively regulated by 
FOX03a rather than HIF- la. This regulation is altered in aged 
kidneys. However, CR-mediated SIRT1 activation deacetylates 
and activates FOX03a transcriptional activity and subsequent 



Bnip3 -mediated autophagy, even in aged kidneys. Furthermore, 
the kidneys of Sirtl +/ ~ mice exhibit lower autophagy activity 
and decreased Bnip3 expression; thus they are resistant to CR- 
mediated anti-aging effects. These findings suggest that SIRT1 
is essential for CR-mediated renoprotection. Chronic hypoxia 
causes damage to the mitochondria and promotes the intracellu- 
lar accumulation of ROS. Removing the damaged mitochondria 
under hypoxic conditions is also an important role of Bnip3- 
mediated autophagy. Thus restoring autophagic activity even un- 
der diabetic conditions should be valuable for protecting the kid- 
ney from hypoxia. 

In addition, we observed that mitochondrial morphological 
damages in the proximal tubular cells and p62/Sqstml accumu- 
lation in kidneys of WFRs, suggesting that an impairment of 
the autophagy system can induce mitochondrial damage. Be- 
cause SIRT1 is a positive regulator of autophagy, the decrease 
in SIRT1 expression observed in the kidneys of WFRs may lead 
to the dysregulation of autophagy. CR improves the function of 
the autophagy system, which resulted in normalization of mito- 
chondrial morphological changes andp62/Sqstml accumulation, 
which was accompanied by the restoration of SIRT1 expression 
[79]. 

On the other hand, Hartleben et al. [90] have demonstrated an 
important role for the autophagy system in podocytes under basal 
conditions and under several renal injury conditions using GFP 
(green fluorescent protein)-LC3 transgenic mice and podocyte- 
specific ^g5-knockout mice. They [90] showed that podocytes 
exhibit an unusually high level of constitutive autophagy and 
that podocyte-specific deletion of Atg5 leads to glomerulopathy 
in aging mice that is accompanied by an accumulation of oxid- 
ized and ubiquitinated proteins, ER stress and proteinuria. These 
changes ultimately result in podocyte loss and histological glom- 
erulosclerosis. Moreover, autophagy is substantially increased in 
glomeruli from mice with protein-overload-induced renal injury 
and in glomeruli from patients with glomerular diseases, such 
as focal glomerulosclerosis or membranoproliferative glomer- 
ulonephritis. Furthermore, mice lacking Atg5 in podocytes ex- 
hibit strongly increased susceptibility to drug-induced glomer- 
ular injuries (i.e. induced by puromycin aminonucleoside and 
adriamycin). These findings highlight the importance of induced 
autophagy as a key homoeostatic mechanism for maintaining 
podocyte integrity. 

Thus it is evident that autophagy deficiency is associated with 
podocyte and renal tubular cell injuries. These findings indicate 
that autophagy deficiency should contribute to the pathogenesis 
of renal diseases such as diabetic nephropathy. Therefore dysreg- 
ulation of SIRT1 in the kidney could result in the accumulation 
of mitochondrial ROS via suppression of autophagy, which may 
be associated with the initiation of the early stages of diabetic 
nephropathy. Both hypoxia- and proteinuria-induced ER stress 
may also contribute to proximal tubular cell damage in the pro- 
gressive stages of diabetic nephropathy. Autophagy deficiency in 
kidneys from diabetic animals may make tubular cells fragile un- 
der hypoxic and ER stress and may lead to progression of diabetic 
nephropathy. Therefore activation of autophagy may be a thera- 
peutic option for the advanced stages of diabetic nephropathy 
[88]. 
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Table 2 Relationship between SIRT1 and pathophysiology on renal diseases 

Ace, acetylated; TG, transgenic; |, decreases; f, increases; H, inhibits. 



Animals, tissue, cells or SIRT1 




Effect for pathophysiology 




activator 


Target for SIRT1 


of renal injuries 


Reference(s) 


Sirtl +/ ~ mice 


SIRT14 -> Ace-HIF-2a (inactivation)t 


Erythropoetin| 


[50] 


Medullary interstitial cells 
{Slrtl +/ - mice) 


SIRTi; -> C0X2| -> PGE2| 


Oxidative stress, apoptosis and 
fibrosis in UUOt 


[64] 


Resveratrol (proximal tubular 
cells) 


SIRTlf -> Ace-Smad3| 


Fibrosis in UUO| 


[65] 


Resveratrol (proximal tubular 
cells) 


SIRTlf -> Ace-p53| 


Cisplatin-induced apoptosis^ 


[68] 


Proximal tubular cells (specific 
Sirtl-JG mice) 


OlKIJ-l — >• ACc-rUAUO| 


Catalase^, oxidative stress^, 
peroxisome function^ and 
cisplatin-induced renal injuries^ 


[00,0 / J 


Renal cortex (Wistar fatty rats) 


SIRTlf -> Ace-NF-/cB (p65)t 


Inflammation in diabetic 
nephropathy! 


[79] 


Proximal tubular cells {Sirtl +/ ~ 
mice) (aging mice) 


SIRTi; -> Ace-F0X03at 


Autophagy|, abnormal 

mitochondriat and aging kidney t 


[46] 


Mesangial cells 


SIRTH Ace-p53 


Oxidative stress-induced apoptosis^ 


[47] 


Mesangial cells 


SIRTH Ace-Smad 7 


TGF-y0-induced apoptosis^ 


[82] 


Podocytes 


SIRTH Ace-F0X04 


AGE-induced apoptosis^ 


[83] 


Endothelial cells 


SIRTH Ace-eNOS 


NOf 


[85] 


Collecting duct cells 


SIRTH ENaC a-subunit 


Na + reabsorption| 


[94] 



Role of sirtuins in Na + handling and regulation 
of blood pressure (Table 2) 

The development and rate of renal deterioration are most 
closely related to the patient's blood pressure. Angll plays 
important roles in the pathogenesis of not only hypertension, 
but also chronic renal diseases, including diabetic nephropathy 
Angll is a mediator of glomerular haemodynamic adaptation and 
injury It also has pro-inflammatory actions that lead to the up- 
regulation of chemokines, adhesion molecules and other fibro- 
genic growth factors, culminating in a decline in renal function. 
Most of the traditional cardiovascular effects of angll, such as 
vasoconstriction, water retention and Na + retention, are medi- 
ated by the ATiR (angiotensin type l receptor), a protein that 
is implicated in the pathogenesis of hypertension. SIRTl may 
negatively regulate ATiR expression. Miyazaki et al. [91] repor- 
ted that overexpression of SIRTl or treatment with resveratrol, 
an activator of SIRTl, suppressed ATiR expression by reducing 
Spl (specificity protein 1) binding to the AGTR1 promoter in 
cultured smooth muscular cells. Moreover, they found that res- 
veratrol suppresses ATiR expression in the aorta and improves 
Angll-induced hypertension in mice. Interestingly, the lifespans 
of Agtrl~'~ mice are extended compared with wild-type mice, 
and the expression of SIRT3, but not SIRTl, was significantly 
increased in the kidneys of Agtrl ~'~ mice [92]. 

Aldosterone increases renal tubular Na + absorption largely 
by increasing the transcription of a -ENaC (epithelial Na + chan- 
nel a-subunit) in the apical membranes of collecting duct prin- 
cipal cells. This increase contributes to the pathogenesis of 
hypertension [93]. SIRTl represses the expression of a -ENaC 
in mIMCD3 cells independent of its deacetylase activity [94]. 
SIRTl interacts with Dot (disruptor of telomeric silencing)- 1 , 
a histone H3K79 methyltransferase, resulting in histone H3K79 
hypermethylation in chromatin along the a -ENaC promoter, lead- 



ing to repression of a-ENaC transcription. In addition, treatment 
with aldosterone decreases SIRTl mRNA expression, whereas 
SIRTl inhibits aldosterone-induced a -ENaC promoter activity 
independent of mineralocorticoid receptor signalling [94]. 

Lipid metabolism and sirtuins in the kidney 

Clinical and animal model observations have suggested that ab- 
normal lipid metabolism contributes to the pathogenesis and 
progression of renal diseases, including diabetic nephropathy 
[95,96]. Lipid metabolites can induce cellular dysfunction, a 
process known as lipotoxicity, to release pro-fibrotic and pro- 
inflammatory cytokines and chemokines, increase the generation 
of ROS, and promote the expression of extracellular matrix pro- 
teins, contributing to oxidative stress, inflammation and fibrosis 
in diabetic nephropathy. The increased expression or activity of 
SREBP and the decreased expression or activity of PPAR-a , FXR 
and LXR are observed in the kidneys of animal models of dia- 
betes or diet-induced obesity [97-99]. Treatment with PPAR-a 
agonists or FXR agonists can improve lipid metabolism abnor- 
malities and renal injuries [100-104]. 

SIRTl is associated with lipid metabolism through its regu- 
lation of PPAR-a [43], LXR, FXR and SREBP [44]. SIRTl is 
a positive regulator of LXR proteins, which are nuclear recept- 
ors that function as cholesterol sensors and regulate whole-body 
cholesterol and lipid homoeostasis [105]. SIRTl also positively 
regulates FXR [106] and negatively regulates SREBP. Therefore 
SIRTl can modulate liver and renal lipid metabolism and can 
prevent the progression of renal diseases. However, further in- 
vestigations are required to determine the significance of SIRTl - 
regulated lipid metabolism in renal diseases. 

NEFA (non-esterified fatty acid)-mediated renal lipotoxicity 
is associated with the progression of tubulointerstitial inflam- 
mation in proteinuric renal disease [107,108]. SIRT3 exerts 
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antioxidant and anti-inflammatory effects under conditions of 
palmitate-induced lipotoxicity by promoting the enhancement 
of mitochondrial oxidative capacity and antioxidant defences in 
proximal tubular cells [109]. Therefore the activation of SIRT3 
could be useful in the design of new therapies to prevent protein- 
uric renal diseases, including advanced diabetic nephropathy 
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Four SNPs within SIRT1 have been nominally associated with 
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sisting of the 1 1 SNPs in SIRT1, had a stronger association with 
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SIRT1 may be a good pharmaceutical target for diabetic neph- 
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CONCLUSIONS AND PROSPECTS 
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progression of diabetic nephropathy to develop new therapeutic 
strategies. However, end-stage renal failure due to diabetic 
nephropathy continues to increase worldwide. There is an urgent 
need to identify new therapeutic targets to prevent diabetic 
nephropathy. 

Over the last decade, the understanding of sirtuins has expan- 
ded from the original description of a single NAD + -dependent 
class III histone deacetylase that can control the lifespan of 
yeast. SIRT1 deacetylates not only histones, but also many 
transcriptional regulators, thereby modulating diverse biological 
processes. SIRT1 exerts renoprotective effects by conferring res- 
istance to cellular stress such as hypoxia, reducing fibrosis, in- 
hibiting apoptosis and inflammation, inducing autophagy, and 
regulating blood pressure (Figure 4). Therefore SIRT1 may be 
a novel therapeutic target for renal diseases including diabetic 
nephropathy. 

Although other sirtuins, including the mitochondrial sirtuins 
SIRT3, SIRT4 and SIRT5 and the nuclear sirtuins SIRT6 and 
SIRT7, may have important roles in cytoprotective functions, 
their molecular targets and biological functions, and possible 
roles in renoprotection, are largely unknown. Further investig- 
ation into the targets and functions of other sirtuins will help 
develop new strategies for protection against renal diseases. 
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